The recent introduction of the Generic Contaminant Model in EnergyPlus allows for the integrated modelling of multizone contaminant and dynamic thermal behaviour within a single simulation package. This article demonstrates how dynamic thermal simulation can modify pollutant transport within a building. PM 2.5 infiltration from the external to internal environment under dynamic thermal conditions is compared in CONTAM, EnergyPlus 8.0, and Polluto, an in-house pollutant transport model developed in EnergyPlus 3.1. The influence of internal temperature on indoor PM 2.5 levels is investigated by comparing results from standard CONTAM simulations and dynamic thermal EnergyPlus 8 simulations. Circumstances where the predictions of such models can diverge are identified. Practical application: This technical note compares the performance of a new indoor air quality model in EnergyPlus, an EnergyPlus in-house model (Polluto), and an established model (CONTAM). The work then compares the results of indoor air quality models under static and dynamic internal temperature conditions, and demonstrates how predicted indoor pollution levels may deviate significantly if an inappropriate indoor temperature is used. Practically, the work provides confidence in the new models, as well as demonstrating the importance of having a good understanding of the thermal behaviour of a building when modelling indoor air quality.
Introduction
Airflow modelling is an essential tool in building design and analysis of indoor air quality. Air pollutants can be produced indoors by building occupants (e.g. water vapour, tobacco smoke, CO 2 ), the building envelope and internal furnishings (e.g. Volatile Organic Compounds), and microbial contaminants of the building (e.g. mould spores); these pollutants can circulate around a building and require removal from the internal air through appropriate ventilation. Additionally, pollutants from the external environment such as fine particulate matter (PM 2.5 ) may infiltrate the building and require removal. Existing airflow tools can include simplistic single-zone models, more complex multizone models, and highly complex computational fluid dynamics (CFDs) models. In multizone airflow models, buildings are treated as a series of nodes representing zones within the building, and connections between nodes representing airflow elements such as doors, cracks, and ducts. Two such models are CONTAM and the EnergyPlus Airflow Network, both of which now have the capability of modelling contaminant transport indoors. CONTAM 1 is an air quality and ventilation analysis tool developed by the National Institute of Standards and Technology (NIST) that can be used to calculate airflow, contaminant transport through airflow, and building occupant exposure to contaminants. Airflow in CONTAM is, like the EnergyPlus Airflow Network, based on the AIRNET model, 2 while CONTAM has the additional capabilities of modelling contaminant concentrations inside buildings due to airflow-driven dispersal, adsorption and desorption to building materials, filtration, and deposition to building surfaces. CONTAM has been extensively validated [3] [4] [5] and offers a user-friendly means of understanding building ventilation and contaminant transport. CONTAM is strictly for airflow and contaminant analysis, and lacks the ability to simulate energy and thermal behaviour of buildings.
Under typical operating conditions, the thermal performance of buildings causes dynamic zonal air temperatures, which can, in some cases, have an important impact on the airflow through a building and therefore contaminant transport. Pressure losses across an airflow path can be described using an energy equation
In equation (1), the first term represents static pressure differences, the second dynamic pressure differences due to wind, and the third differences due to buoyancy. The second term shows that at high wind speeds, the total pressure difference is dominated by the differences in static pressures and the wind speed. The last term shows that at low wind speeds the dominant effect is the density of the air on each side of the flow path. The density of air is typically calculated using dry air and water vapour components of the air, meaning that the air density depends on the temperature and the amount of moisture in the air, given by
Therefore, a change in the air temperature or the moisture content of air at low wind speeds can lead to a change in the pressure difference across a flow path, which in turn leads to a change in the movement of contaminants and water vapour.
While CONTAM is a very capable tool for calculating airflow rates and contaminant concentrations, a major limitation is that it is not a thermal modelling tool and so does not amend zonal air density in response to temperature changes due to building performance and occupant behaviour. There are a number of options available to CONTAM users who wish to account for the relationship between zonal air temperature and thermal performance of the building. The licensed dynamic thermal package TRNSYS has been coupled with CONTAM to enable combined airflow and heat transfer simulations for buildings, with bridging between the two tools allowing them to share simulation inputs and outputs. 6 Alternatively, CONTAM users can either define a time-variable internal air temperature estimated for the zone, import internal air temperatures from physically measured sources, or import temperatures from the outputs of a different dynamic thermal model, such as EnergyPlus. 7 Only the thermal modelling approaches can account for the complex interactions between the internal air temperature and building heat transfer mechanisms, such as ventilation convection, solar radiation, and fabric conduction. However, in uncoupled models this approach requires additional work to ensure that both models are identical, and adds significant time to the model development. In addition, the lack of feedback between two uncoupled models means that any changes to the CONTAM model that may impact internal temperatures (for example ventilation behaviour) require re-running thermal models and importing the new temperature schedules into CONTAM.
EnergyPlus 8 is an open-source whole building simulation program used for energy analysis and thermal load simulation. Airflow in EnergyPlus can be simulated using the multizone Airflow Network tool, an airflow model based on an early version of AIRNET and COMIS. 9 The model is capable of simulating infiltration and exfiltration into a building due to indoor/outdoor pressure differences, building envelope permeability, natural and mechanical ventilation, as well as zone-to-zone airflows. The Airflow Network capabilities of EnergyPlus have been validated by comparison with measured data, 10 and through an inter-model comparison with CONTAM. 11 The ability to model pollutant transport in EnergyPlus has recently been introduced in the form of the Generic Contaminant Model (GCM), which allows users to model a single contaminant within a building. This enables the modelling of coupled thermal behaviour and contaminant transport within a single simulation package. In addition, UCL has developed an in-house model, Polluto, which allows for contaminant transport modelling in EnergyPlus 3.1. EnergyPlus GCM currently has an advantage over Polluto in being able to use indoor contaminant concentrations as flags to alter building operation, for example allowing ventilation systems to operate above a certain concentration threshold. Conversely, Polluto is capable of modelling multiple pollutants, while the GCM is currently restricted to a single contaminant.
This article describes the simulation of a simple single-zoned building in CONTAM, the EnergyPlus 8.0 GCM, and EnergyPlus-Polluto. An intermodel comparison is made between the models for PM 2.5 infiltration into the building with dynamic internal temperatures derived from EnergyPlus. In addition, the results of simulations using dynamic internal temperatures are compared to simulations performed in CONTAM with constant internal temperatures, demonstrating scenarios where indoor air quality models decoupled to whole building energy models can perform unsatisfactorily.
Methodology

Model comparison
There are inherent differences between the calculation methods employed by CONTAM and EnergyPlus that need to be considered in comparing the model performances. The assumptions used by EnergyPlus and CONTAM to calculate local wind speed and therefore air pressures at the external entrances to airflow paths are different, although result, as one would expect, in similar values. Wind pressures provided in weather files are modified in both tools to account for the differences between the wind speeds at the weather station, and the expected wind speeds at the height and location of the building. Variables in both tools can be adjusted in order to give similar results.
In addition, EnergyPlus and CONTAM also both report their predictions differently: CONTAM gives instantaneous values for contaminant concentrations over the simulation period, while EnergyPlus gives integrated values. As a result, either smaller time steps need to be used with CONTAM or trapezoidal interpretation used on the results, particularly where there are rapid changes in contaminant concentration. In addition, EnergyPlus employs so-called 'WarmUp Days' which are run at the start of the EnergyPlus simulation to ensure that any thermal capacitance values are representative of the dwelling in the environment described by the weather file. Conversely, outputs from CONTAM are reported without an initial warm-up period, and so the concentrations of the two tools may not match over the initial period. For further information on the algorithms used by each program, see the CONTAM User Guide 1 and the EnergyPlus Engineering. 12 Contaminant transport models are typically capable of modelling low-concentration trace contaminants (for example PM 2.5 ) and highconcentration non-trace contaminants (for example water vapour). PM 2.5 was chosen to be the contaminant of interest for this study. As it can be produced by occupant activities within a building as well as infiltrating into a building through controlled or uncontrolled ventilation, PM 2.5 has a strong airflow component when assessing occupant exposure. 13 Water vapour was also considered as a non-trace contaminant in order to include it in CONTAM airdensity calculations.
To compare the performance of CONTAM with the EnergyPlus 8.0 GCM and EnergyPlus-Polluto, a single-zoned building (4 m Â 5 m Â 2.8 m) with no windows, doors, heating, or pollution sources was created in the simulation tools. Airflow into the building was from infiltration through permeable walls (3 m 3 h À1 m À2 @ 50 Pa), with the roof and floor considered impermeable. Building envelope materials were modelled to provide a U-value of approximately 0.5 Wm À2 K by selecting appropriate materials. The wall permeability was simulated by installing crack-type flow paths near the bottom (0.05 m) and top (2.75 m) of each fac¸ade; the single-zoned building therefore has eight airflow paths. The cracks were modelled with a power law equation assuming one-way airflow.
For the chosen permeability of 3 m 3 h À1 m À2 @ 50 Pa, a flow coefficient (C) of 0.0004411 m 3 s À1 Pa Àn was used for the 5 -m wall, and 0.0003529 m 3 s À1 Pa Àn for the 4 -m wall. The flow exponent (n) for both walls was set to 0.66, as per Jones et al. 14 
A Chartered
Institution of Building Services (CIBSE) weather file for London Heathrow 15 was used for both simulation packages; simulations were run for winter (1 January to 21 January) and summer (1 July to 21 July) conditions. As CONTAM is unable to independently calculate dynamic internal temperatures of the building, a preliminary run was performed in EnergyPlus 8.0, and the predicted internal temperatures converted into a continuous value file (.cvf) to define the internal temperatures in CONTAM. Any moisture-buffering effects of the building envelope were ignored. PM 2.5 was modelled with a molecular weight of 8 kg kmol À1 , with an initial internal concentration and constant external concentration set at 13 mg m À3 , a value approximately equal to the current mean outdoor PM 2.5 concentration in London. 16 PM 2.5 was removed from the internal air with a deposition rate of 0.39 (1/h) as per Ozkaynak et al. 17 Moisture was treated as a non-trace contaminant in CONTAM and was therefore included in air-density calculations. CONTAM airflow numerics were adjusted to account for the effect of flow element temperature on air density. The files were synchronised to ensure that they had exactly the same start times and time steps. Simulations were run with a reporting time step of 1 minute to minimise the discrepancy between the instantaneous output values of CONTAM and the integrated outputs of EnergyPlus. Zone air water content ratio (g/kg) and zone PM 2.5 concentration were output on a minute-by-minute basis over a 3week period for the software tools, and the differences between them compared.
Limitations of uncoupled models
In order to accurately simulate contaminant transport in a building, room temperatures should be appropriate for the modelled building. To demonstrate the impact of using an inappropriate air temperature on the internal concentration of PM 2.5 , the simulations were repeated in CONTAM with the internal temperature fixed. Internal temperatures were set to the average external temperature for the weather file during the three-week simulation period (2.7 C for the winter period, 18.7 C for the summer period). In addition, the simulations were run with the internal CONTAM temperature set to the average internal temperatures as predicted by EnergyPlus (4.3 C for the winter period, 25.9 C for the summer period) in order to account for internal gains caused by the thermal performance of the building envelope. PM 2.5 and water content ratio were output on a minute-by-minute basis and the differences between the CONTAM model with static temperature and EnergyPlus GCM with a floating temperature analysed for the absolute differences. In addition, the relationship between external wind speed and internal PM 2.5 and RH differences between the two models was examined.
Results
The results showed a strong agreement with the EnergyPlus 8.0 GCM and the in-house EnergyPlus Polluto model, with an absolute deviation between the models of 0.09% for the winter (s ¼ 0.09) and 0.09% (s ¼ 0.07) for the summer simulation periods. Both the EnergyPlus GCM and Polluto model made PM 2.5 predictions similar to those of the CONTAM model when CONTAM was provided with dynamic EnergyPlus-derived temperatures (Figure 1) . Differences between EnergyPlus GCM and CONTAM when run during the winter period averaged 5.0% (s ¼ 3.7); variations between the models may be attributable to different calculation methods and output reporting between the two tools. During the summer, differences between the model results for transient internal temperatures were found to decrease to 3.2% (s ¼ 2.6).
When internal temperatures were held constant in CONTAM, there were significantly larger differences between the predicted PM 2.5 concentrations between the two models ( Figure 1) . For winter simulations, the difference between the transient EnergyPlus and static internal temperatures are 9.9% (s ¼ 10.2) at 2.7 C and 7.1% (s ¼ 8.4) at 4.3 C -approximately double the difference under transient conditions. Under summer conditions, differences between the transient model and the static model are 12.8% (s ¼ 15.1) at 18.7 C and 7.0% (s ¼ 7.0) at 25.9 C. In both cases, the differences between the predictions are greater when the internal temperature was set at the average outdoor temperature rather than the average internal temperature as predicted by EnergyPlus; this emphasises the importance of accounting for the thermal performance of the building. When CONTAM simulations were run with the airflow numerics set to ignore the impact of temperature on air density, there were very large observed differences between transient and static CONTAM models and EnergyPlus at low wind speeds and summer high temperatures, indicating the importance of including air-density numerics under such scenarios.
Equation (1) describes how the influence of temperature may be most significant at low wind speeds and temperature-dependent buoyancy effects are dominant. The influence of wind speed on internal PM 2.5 concentrations for winter and summer simulations can be seen in Figure 2 . At low wind speeds and higher temperatures (e.g. summer), the differences in predicted PM 2.5 levels between the models with static and transient internal temperature are highest.
Discussion
The results demonstrate a good agreement between CONTAM, the EnergyPlus GCM, and the in-house Polluto model when the model parameters are set to be the same in the programs, thus providing confidence in the EnergyPlus tools. Simulation results from EnergyPlus GCM and the Polluto model are essentially identical, with very small differences attributable to rounding. Discrepancies between the two EnergyPlus models and CONTAM are small when the same temperatures are used, and may be attributable to three factors: (1) the differences in calculating the wind pressures on the external surfaces of the buildings between the EnergyPlus and CONTAM models; (2) the lasting effects of the EnergyPlus WarmUp days, and (3) the instantaneous CONTAM output reporting versus the integrated EnergyPlus reporting methods. In CONTAM, non-trace contaminants are included in air density calculations; by treating moisture as a non-trace contaminant, any differences in the calculated density of the air should be minimised.
Differences in the predicted PM 2.5 concentration between the two models increase significantly when the internal temperatures are fixed in CONTAM rather than being derived from dynamic EnergyPlus calculations, demonstrating the importance of thermal performance of contaminant transport calculations. The differences were most significant when the constant temperature was set to the average outdoor temperature, and all thermal behaviour of the building envelope was ignored. At low wind speeds, the predicted indoor pollutant concentrations deviated by as much as 75% between models with dynamic and static internal temperatures.
The integration of a contaminant transport model into EnergyPlus gives a free fully-coupled thermal performance and contaminant transport model for buildings, eliminating the separate step of gathering internal temperature data for a CONTAM model for cases where the internal temperature is likely to fluctuate due to external weather conditions and building performance. In addition, EnergyPlus has the advantage of being coupled with a number of other modules that may impact contaminant transport. For example, the Heat and Moisture Transport (HAMT) model 18 can account for the hygrothermal behaviour of the building envelope, which can affect the internal water vapour concentration (non-trace contaminant) and subsequently the density of the air. Furthermore, another advantage of EnergyPlus is its ability to output integrated values rather than instantaneous values of pollutant concentration over time. In scenarios where short bursts of a pollutant can be generated, such as in cooking, CONTAM may fail to report elevated concentrations of pollutant if the time-step is not suitably short. In such scenarios, integrated output reporting saves writing-out time and memory as it is not necessary to output results with a small time-step. EnergyPlus GCM has the advantage over the Polluto model, in that it has been implemented in a more recent version of the EnergyPlus model, and can couple indoor contaminant levels with building performancethis feature could be used to model, for example, the influence of temperature-dependent window opening behaviour and the impact on indoor air quality. However, the EnergyPlus GCM is currently limited by being restricted to a single contaminant, while Polluto is capable of modelling many simultaneously.
While EnergyPlus may be a powerful tool for simulating the coupled thermal performance and airflow of a building, the model has a number of limitations in comparison to CONTAM and CONTAM-TRNSYS. The complexity of the EnergyPlus building simulation tool, and particularly the creation of an Airflow Network, may make the model inaccessible to non-expert users. In addition, CONTAM is able to model a number of mechanical ventilation systems, whereas the ability of EnergyPlus to model mechanical ventilation systems using the Airflow Network is limited. In reality, most buildings will have some degree of heating and cooling that will allow them to operate within a 'fixed' range of temperatures, thus limiting the impact of the thermal performance of the building on air and contaminant movement that may occur if the temperatures were floating.
Conclusions
The EnergyPlus GCM and Polluto models predict indoor PM 2.5 concentrations and water content ratios very similar to those of CONTAM when both tools are given exactly the same building description and external environment. The programs agree to better than 5.0% on a minute-by-minute comparison over a three-week summer period for winter and summer scenarios. When internal temperatures are fixed in CONTAM and allowed to float in EnergyPlus, significantly larger differences between the results are observed, indicating the importance of internal temperatures on airflow and contaminant transport within buildings. The results indicate that EnergyPlus GCM and Polluto are useful tools for calculating internal contaminant transport coupled to the thermal performance of the whole building system.
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